Hypomorphic mutations of the NBS1 gene are responsible for Nijmegen breakage syndrome (NBS), characterized by microcephaly, chromosomal instability, radiosensitivity, immunodeficiency and high cancer predisposition. Over 90% of NBS patients are homozygous for the 657D5 mutation and are of Slavic origin; however, 10 further truncating mutations have been identified in patients of other ethnical origin. Partially functional proteins produced by alternative initiation of translation, and possibly diminishing the severity of the NBS phenotype, have been described for several NBS1 mutations. Here, we report a 53-year-old NBS patient, homozygous for the NBS1 mutation, 742insGG, in exon 7 and who presents with a particularly mild phenotype. In an attempt to find a potential molecular explanation for the mild phenotype observed, we carried out a conventional semi-quantitative and quantitative RT -PCR analyses which revealed two transcripts of almost equal amounts in the patient and her parents-the expected full-length transcript carrying the 742insGG mutation and a second transcript with deleted exons 6 and 7. The transcript was also observed in controls and other NBS patients, however, at quantities more than 100-fold lower than that in the patient described here. Because the skipping of exons 6 and 7 results in an internal in-frame deletion, which eliminates the truncating GG-insertion, we propose that this transcript may code for a partially functional protein of 70 kDa that could be responsible for the unusually mild NBS phenotype observed in this patient. Indeed, complementation analysis of null-mutant mouse cells indicates that the alternatively spliced mRNA codes for a protein with significant functional capacity.
INTRODUCTION
Nijmegen breakage syndrome (NBS) (MIM 251260) is a rare autosomal recessive disorder, characterized by microcephaly, facial dysmorphism, growth retardation, immunodeficiency, hypersensitivity to ionizing radiation (IR) and a highly increased risk for lymphoreticular malignancy (1) . The gene mutated in NBS has been identified and it was shown that the gene product, nibrin, forms a complex with MRE11 and RAD50, which is involved in the repair of DNA doublestrand breaks, cell cycle control, telomere maintenance and recombination (2 -4) . The vast majority of NBS patients are of Slavic origin and share the founder NBS1 mutation, 657D5 (2) . A further 10 truncating NBS1 mutations have been identified in patients of different ethnic origin (2,5 -7) .
Originally, the 657D5 mutation was regarded as a null mutation; however, it was shown that it is actually a hypomorphic mutation and that a truncated protein is produced, at least in patient's lymphoblastoid cells (8) . Similar alternative translation products have been shown for two further NBS1 mutations, namely, 834D4 and 900D25 (8, 9) , thus providing further confirmation that NBS results from hypomorphic mutations, which are compatible with cell viability. The relatively mild clinical course of patients with NBS contrasts strongly to the lethality of null-mutation of the murine NBS1 functional analogue (10, 11) .
# The Author 2006. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org Here, we report on an Italian NBS patient who is 53 years old and homozygous for the 743insGG truncating NBS1 mutation in exon 7. This mutation leads to a premature stop codon five amino acids downstream (12) . The patient presents an unusually mild clinical course. It has been previously shown for a number of genes containing premature nonsense codons that they express alternatively spliced mRNA through in-frame skipping of the exon harbouring the stop codon and so moderating the phenotypic severity of the disease (13) (14) (15) (16) . In an attempt to find a potential molecular explanation for the extremely mild phenotype in our patient with the 742insGG NBS1 mutation, we performed analyses on cDNA and found an alternatively spliced transcript in which exons 6 and 7 have been skipped.
RESULTS
RT -PCR evidence of alternative NBS1 splicing in cultured fibroblasts and lymphoblastoid cell lines RT -PCR was carried out with three sets of primers which cover the whole coding sequence of the NBS1 gene. More than one transcript was visible on agarose gels in all analysed samples from the PCRs carried out with primers located in exons 1 and 6 (data not shown). Interestingly, two transcripts could be detected in patient R.R. and her parents for the fragment spanning exons 5 -10. In both lymphoblastoid cell lines (LCLs) and fibroblasts, the expected 579 bp product harbouring the mutation in exon 7 ( Fig. 1A) was observed, together with a second product of 267 bp. The shorter PCR product was present neither in the control sample nor in the cDNA from NBS patients with 657D5 and 900D25 mutations.
To define exactly the nature of the alternatively spliced transcripts observed, all RT -PCR products were cloned and analysed by sequencing. The sequencing analysis of the products spanning exons 5 -10 identified an aberrantly spliced transcript with exons 6 and 7 deleted in the 742insGG patient and her parents (Fig. 1B) . Figure 1C shows the exon structure of NBS1, the domains of its full-length protein product, nibrin, and the putative protein fragment arising from an mRNA with a deletion of exons 6 and 7. Segments of genomic sequence from exon 7 in a control, the patient R.R. showing the 742 -743insGG mutation and cDNA sequence of patient R.R. showing the complete deletion of exons 6 and 7. (C) The domain structure of NBS1 and its protein product, nibrin. The intron/exon structure and the 11 known NBS1 mutations are indicated on the cDNA. The 742-743insGG mutation is underlined. The full-length nibrin protein and the two putative protein fragments arising from the 742-743insGG mutation are shown-the fragment resulting from the D6D7 transcript of 70 kDa and the fragment resulting from an alternative translation initiation of 52 kDa. The serines phosphorylated by ATM in response to irradiation are indicated as is the site of interaction with MRE11. BRCT, breast cancer 1 carboxy terminal domain; FHA, fork head-associated domain.
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Human Molecular Genetics, 2006, Vol. 15, No. 5 This transcript, which maintains the open-reading frame, was not seen in more than 10 control human tissues analysed (data not shown). Nine further splice variants were identified in cells from the patient R.R. and her parents, from controls and from the patients with 657D5 and 900D25 mutations. The exact descriptions of these variants are given in Figure 2 . Two of these transcripts have already been described, namely, the 50 bp alternative exon insertion of intron 2 leading to a premature termination codon (17, 18) and the in-frame skipping of exon 13 (17, 19) . All other variants are reported here for the first time. We have focused our attention on the transcript with skipped exons 6 and 7 found only in patient R.R. with the 742insGG mutation, because all other transcripts were present at very low levels and were detectable only when the PCR products were cloned or when amplified with special boundary primers.
To further clarify the presence of the D6D7 transcript in our patient, we carried out a semi-quantitative fragment analysis. We found that the D6D7 transcript was present not only in the patient homozygous for the 742insGG mutation and her parents, but also as a minor product in RNA from controls and patients homozygous for the 657D5 NBS1 mutation (Fig. 3) . At the same time, the amount of normally spliced transcript was clearly less abundant in the 742insGG patient and her father (mother not shown) when compared with the control and the 657D5 patient.
To exactly quantify the amount of the normally and the aberrantly spliced transcripts in the 742insGG patient, her parents and in the control samples, a real-time PCR with specific TaqMan probes for each transcript was carried out. The threshold cycle values obtained for the cDNA samples were plotted against standard curves. The analysis confirmed the presence of the D6D7 transcript in the control samples, but in amounts 100-fold less than that in the 742insGG patient and her parents (Fig. 4) .
We next performed an immunoprecipitation (IP) analysis to compare nibrin in LCLs and fibroblasts from patient R.R. and her parents with the corresponding control cell line and homozygote for the 657D5 mutation. As expected, the patient homozygous for the 742insGG mutation had no full-length nibrin protein; there was, however, a substantial amount of a smaller, specific protein of 70 kDa, comparable to the 70 kDa fragment also found in patients homozygous for the major NBS1 mutation 657D5 (8, 9) . The 70 kDa protein was also present, in smaller amounts, in cells from both parents, together with the full-length p95 nibrin (Fig. 5 ).
Radiation-induced focus formation
The trimeric complex, RAD50, MRE11, nibrin, relocalizes from a diffuse nuclear distribution to discrete protein accumulations (foci) after exposure to ionizing irradiation. Cells from NBS patients with the founder mutation, 657D5, fail to show this relocalization, indicating a major role for nibrin in this mechanism. Indeed, the complex is not even specifically nuclear in NBS patient cells, but is also found throughout the cytoplasm (3). The situation is exactly the same in fibroblasts from the patient R.R.
Immunostaining with an antibody directed against MRE11 in unirradiated cells and cells treated with 12 Gy 8 h before fixation indicated the same cytoplasmic distribution for the complex. In contrast, in control cells, typical nuclear MRE11 foci were detected after irradiation (Fig. 6 ).
Induced chromosomal aberrations
The chromosomal instability of patient's lymphoblastoid cells was analysed after irradiating her cells, a control cell line and a cell line of an NBS patient homozygous for the 657D5 mutation with 15 and 30 cGy. The radiosensitivity was determined by analysing the number of breaks per cell in 100 metaphases per irradiation dose. Patient R.R. showed elevated chromosome breaks after irradiation similar to the patient with the 657D5 mutation ( Fig. 7 ).
Complementation analysis
Mouse cells with null mutations in the NBS1 homologue, Nbn, do not survive in vitro, indicating the essential role of nibrin, even in the absence of exogenous DNA damage (20) . As shown in Figure 8 , transduction of conditional null mutant mouse cells with wild-type human NBS1 cDNA, prior to cre-mediated deletion, rescues them from proliferation arrest and/or apoptosis in vitro. Transduction with cDNA carrying the insGG mutation does not rescue the null mutant cells and only 12% survive after 40 generations. This is comparable to the effect of transduction with an empty retroviral vector (11%) (20) . Transduction with an artificial cDNA, lacking the sequence coded by exons 6 and 7, partially rescues the cells, with 50% surviving for 40 generations. This is even better than when cDNA carrying the 657D5 mutation is transferred (42%) (20) . The experiment was repeated and gave essentially identical results. These data support the suggestion that an alternatively spliced NBS1 mRNA, lacking sequences from exons In the real-time PCR experiments, we compared the amounts of the normally versus aberrantly spliced NBS1 transcripts in the patient R.R., her parents and control fibroblasts and LCLs. The PCR was carried out with specific TaqMan probes for each transcript. All samples were analysed in duplicate. A standard curve was plotted for each primerprobe set with Ct values obtained from the amplification of known quantities (10 10 -10 1 copy numbers/ml) of the cloned normal and D6D7 fragments. The copy number of each sample was determined by plotting the Ct value versus the log of the copy numbers included in each standard curve. Green columns, normally spliced transcript; red, D6D7 transcript. 
DISCUSSION
NBS results from hypomorphic truncating mutations of the NBS1 gene. For three NBS1 mutations, a truncated protein, at least in patient's lymphoblastoid cells, has been described. This fact could explain the survival of homozygotes with NBS1 mutations in comparison to null mutation in mice (8 -11). The NBS patient described here is homozygous for the NBS1 mutation, 742insGG, in exon 7 (12) and presents with an unusually mild phenotype. She is now 53 years old and has had no clinical problems apart from the primary amenorrhoea. Interestingly, R.R. has no immunodeficiency and has not suffered from frequent infections. Her very mild reduction in IgG2 and IgG4 isotypes has never had any clinical significance and probably represents a remnant of the classical NBS immunodeficiency. To the best of our knowledge, she is the oldest living NBS patient. Patient R.R. was born to consanguineous parents and had a younger sister who also had primary amenorrhoea, who, however, died at the age of 20 due to a malignant lymphoma; she was most probably also affected by NBS (21) . Unlike most NBS patients treated with radiotherapy, she showed no dramatic reaction to this treatment. Why the younger sister developed the typical NBS malignancy in contrast to her sister, who is still in very good health at 53, is not clear. Presumably other genetic and/or environmental factors have influenced the course of the disease. In this connection, it is worth noting, however, that the father of R.R., who is a carrier of the 742insGG mutation, has recently developed two different malignancies, prostate cancer and breast cancer.
Like all other known NBS1 mutations leading to the NBS disorder, the mutation 742insGG found in the patient described here is a truncating mutation, and no full-length nibrin is detected in patient's cells (Fig. 5) . In an attempt to find an explanation for the patient's mild phenotype, we performed analyses on cDNA for mRNA splicing events. Unexpectedly, a conventional RT -PCR revealed two mRNA products specifically in the patient and her parents, the expected full-length transcript carrying the mutation 742insGG and an additional abundant transcript with an inframe deletion of exons 6 and 7. At the boundary between exons 5 and 8, the amino acid serine was changed to arginine. The alternative transcript was observed both in transformed lymphoblasts and in native fibroblast cells derived from the patient and her parents, thus excluding the possibility that the D6D7 transcript is an artefact due to the Epstien -Barr virus (EBV) immortalization of the LCLs.
Using semi-quantitative fragment analysis and real-time PCR, we were able to show that the D6D7 transcript was also present in controls and in patients with the 657D5 NBS1 mutation, but at a level 100-fold lower (Figs 3 and 4) . Similarly, the amount of full-length mRNA in cells from the patient R.R. was reduced 10-fold in comparison to the controls. The use of specific boundary primers confirmed the presence of D6D7 transcript in the control cells and in patients with other NBS1 mutations, suggesting that the D6D7 transcript represents a minor, constitutively expressed alternative splice variant, the detection of which in the control samples is dependent on the sensitivities of the methods used. A similar situation has been reported for the COL17A1 gene, where a transcript with an in-frame deletion of exon 33, caused by the nonsense mutation, R975X, was also seen in normal cultured keratinocytes under special PCR conditions (22) .
The preserved reading frame of the D6D7 transcript suggests that it may code for a partially functional protein of 70 kDa that could be responsible for the very mild Human
phenotype of the patient. Indeed, IP analysis showed a protein of 70 kDa in the patient and her parents, similar to the alternatively translated protein found in lymphoblastoid cells but not in fibroblasts of patients with the 657D5 NBS1 mutation (8, 9) . However, the 70 kDa protein found in cells from patient R.R. and her parents clearly has an independent origin, as it is observed in patient fibroblasts (Fig. 5 ). As mentioned above, alternative translation initiation has also been shown for the NBS1 mutation 834D4 (8, 9) , also located in exon 7, 105 bp downstream of the 742insGG mutation and for the 900D25 mutation (9) in exon 8, producing proteins of 60 and 55 kDa, respectively. If we assume that the 70 kDa fragment identified in our patient's cells is also a result of alternative translation, a suitable initiation codon should be identifiable. Careful analysis of the sequence, surrounding the 742insGG mutation, revealed a potential downstream ATG codon which would predict a protein of 461 aminoacids and 51 kDa, not 70 kDa. Utilization of the upstream alternative start codon of the 657D5 allele would result in truncation after just 30 amino acids.
A more plausible explanation for the origin of the 70 kDa protein detected is that it results from the D6D7 transcript. This suggestion is strongly supported by the fact that the 70 kDa protein fragment is seen not only in LCLs but also in native fibroblasts derived from patient R.R.; the truncated protein associated with alternative translation initiation before the 657D5 mutation is not observed in primary fibroblasts (8) . In this case, the D6D7 protein would have a preserved C-terminus, involved in the binding of nibrin to MRE11, a prerequisite for the formation of the trimeric repair complex (23, 24) . In contrast to the truncated protein resulting from the 657D5 allele, however, the D6D7 fragment would also have a preserved N-terminus with both the FHA and BRCT domains, important for the protein's interaction with other components of the DNA repair machinery (25) .
It could be argued, therefore, that the D6D7 protein might uphold nibrin's cellular functions even better than the product of the 657D5 allele.
Additionally, the D6D7 fragment would have the most important serine residues which are phosphorylated by ATM in the early response to IR (26 -28) . However, even with preserved N-terminal domains and ATM-phosphorylation sites, the patient's cells failed to form radiation-induced MRE11 foci and exhibited radiation-induced chromosomal breakage typical for NBS (Figs 6 and 7) . In addition, the lymphoblastoid cells of patient R.R. showed the same radiation-induced cell cycle perturbations, G2-phase accumulation and G1/G2 ratio, as LCLs with the 657D5 mutation (data not shown).
Since the 742insGG mutation leads seemingly to a milder phenotype, presumably other aspects of nibrin's function, independent of the cellular response to IR and not addressed by the assays employed here, are more faithfully maintained. We recently described a null-mutant mouse model (20) which allows evaluation of nibrin mutations with respect to general cellular viability, a possibly more appropriate endpoint. Indeed, we were able to show here that mouse cells with null mutations in the NBS1 homologue, Nbn, which do not survive in vitro are partially rescued by transduction with an artificial cDNA, lacking the sequence coded by exons 6 and 7 (Fig. 8) . The level of correction is even better than when the cDNA carrying the 657D5 is transferred (20) . A cDNA containing the GG insertion does not rescue these cells from cell death. These data support the suggestion that an alternatively spliced NBS1 D6D7 transcript indeed produces a partially functional protein. . The proportion of these null-mutant cells remaining in the population was measured over 40 generations by real-time PCR on DNA extracted at subculturing. Filled square, cells transduced with wild-type NBS1 cDNA; filled triangle, cells transduced with NBS1-insGG cDNA; filled circle, cells transduced with NBS1-D6D7 cDNA, prior to cre treatment.
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Exon skipping is not a rare event and is usually caused by changes in the consensus sequences at splice sites or in branch-point regions. However, the splicing process can also be affected by sequences located outside of these regions. For a number of human inherited diseases, it has been reported that nonsense mutations, located outside these consensus sequences, can lead to in-frame skipping of the nonsense mutation-containing exon, a phenomenon called nonsensemediated alternative splicing (NAS) (13 -15,29,30 ). The resulting truncated protein is thus often responsible for a milder phenotype than expected for premature termination of translation (15, 29) .
Similar to our findings, unusually mild phenotypes have been recently reported in patients with AMP deaminase deficiency and non-Herlitz junctional epidermolysis bullosa due to NAS (22, 31) . The exact mechanism leading to NAS is unknown. Some reports explain NAS with the fact that premature stop codons normally result in reduced mRNA levels due to nonsense-mediated mRNA decay. A reduction of normally spliced transcripts leads to an increase in the relative abundance of alternatively spliced transcripts in which mutant exons are skipped and the reading frame re-established (13, 32, 33) .
This explanation assumes a passive phenomenon, in our study; however, we have used real-time PCR to show that the D6D7 transcript is actually 100-fold more abundant in the patient's cells when compared with the controls, independent of relative abundance within the patient's cells. Compatible with such findings is the hypothesis whereby NAS involves an active nuclear reading-frame scanning mechanism prior to RNA splicing (34 -36) . In addition it was shown that purine-rich exon sequences play an essential role in splicing and functioning as cis-acting exon splicing enhancers (ESE) (37 -41) . Such sequences, which represent weaker splicing elements than the constitutive splice sites or branch points serve as recognition motifs for serine -arginine proteins that are required to promote exon definition and, consequently, splicing (42 -45) . Very recently, the role of another, negative regulatory element involved in mRNA splicing, namely, the exonic splicing silencer (ESS), has been described (46) . ESSs interact specifically with heterogeneous nuclear ribonucleoproteins and so could play a critical role in repressing the use of pseudo-exons and controlling the efficiency of alternative exon inclusion (47) . However, so far, there are only a few examples in the literature of the involvement of ESSs in splicing inhibition (46, 48, 49) .
In contrast to ESS elements, the ESEs sequences have been studied more thoroughly and it has been shown that nonsense mutations that occur in such sequences could abrogate the activity of an ESE and lead to exon skipping. Indeed, almost all nonsense mutations associated with exon skipping occur in purine-rich sequences (38, 50, 51) . In all these cases, the splicing of the mutated exon results in an in-frame deleted transcript and a protein with partially preserved functions. The 742insGG mutation is also located in a purine-rich sequence, similar to others reported to function as ESEs (50, 52) .
To test whether the 742insGG mutation disrupts a putative ESE site in exon 7 of the NBS1 gene, we analysed the wildtype and mutant exon sequence with the ESE-prediction program RESCUE-ESE http://genes.mit.edu/burgelab/ rescue-ese, which allows the identification of putative ESE sequences (53, 54) . This analysis indicated that the 742insGG mutation lies immediately adjacent to a putative ESE sequence, AAGCTA, predicted by the RESCUE-ESE program. Although, the insertion GG does not directly disrupt the ESE sequence, its proximity might interfere with, and reduce, its splicing activity. The 742insGG mutation adds two further guanine nucleotides to the four already present. It has been previously shown that the presence of poly-guanine at a putative ESE leads to loss of splicing-enhancer activity (41) . This could explain the presence of a minor constitutive D6D7 transcript in the control RNA samples, with four guanines, and an increase in D6D7 transcript amount in RNA samples with six guanines from the patient R.R. and her parents.
Interestingly, most of the reported nonsense-mediated exonskipping events eliminate only the single exon harbouring the truncating mutation (13, 14, 16) . In our case, the skipping of only exon 7 of the NBS1 gene would result in a frameshift and protein truncation. The NBS1 transcript can only remain in-frame if both exons 6 and 7 are deleted. This fact supports our suggestion that the presence of the alternatively spliced transcript is the result of an active mechanism in which the re-establishment of the reading frame requires elimination of two exons.
In conclusion, we describe here for the first time a highly expressed, aberrantly spliced transcript of the NBS1 gene, with skipped exons 6 and 7, in an NBS patient with very mild phenotype. The same transcript was also found in control samples and patients with other NBS1 mutations, however, in considerably smaller amounts. Real-time PCR excluded that the D6D7 transcript is merely an artefact. IP experiments demonstrated a 70 kDa fragment in the patient's cells. In addition, we were able to show that an artificial cDNA lacking the exons 6 and 7 partially rescues the viability of murine cells with null mutations in the NBS1 homologue, Nbn. Therefore, we propose that the D6D7 transcript accounts for the unusually mild phenotype in the patient described here.
MATERIALS AND METHODS

Patient description
Patient R.R. was first described in 1986 by Maraschio et al. (21) . At that time, 33 years old, the patient had been referred for chromosomal analysis because of primary amenorrhoea. The analysis revealed a high incidence of chromosomal aberrations and rearrangements involving chromosomes 7 and 14. Enhanced chromosome and chromatid abnormalities after exposure of patient cells to mitomycin C were also observed. Further follow-up of the patient showed that she had microcephaly, a typical feature of NBS. Interestingly, R.R. has no overt immunodeficiency and is not particularly infectionprone. She has a very mild reduction in Ig isotypes G2 and G4, which has, however, no clinical relevance. The patient's healthy parents are consanguineous and a younger sister, also with primary amenorrhoea and most probably suffering from the same disease, died at the age of 20 due to malignant lymphoma. After diagnosis, she underwent a 3-week cycle of Human Molecular Genetics, 2006, Vol. 15, No. 5 685 radiotherapy with a maximum skin dose of 30 Gy. Unlike most NBS patients, she suffered no toxic reaction to this treatment. The father of R.R., who is a carrier of the 742insGG mutation, has recently developed two different malignancies, prostate cancer and breast cancer. The suspected diagnosis of NBS was confirmed 15 years later by detecting that R.R. was homozygous for the NBS1 mutation, 742-743insGG, in exon 7. The patient is now 53 years old and is still in very good health. To the best of our knowledge, R.R. is the oldest known NBS patient.
RT -PCR
After written informed consent, EBV-immortalized LCLs and fibroblast cell lines were established. RNA was extracted from cultured LCLs and fibroblast cells of NBS patients with the mutations 742insGG, 657D5 and 900D25, both parents of patient R.R. and controls, according to standard procedures (Trizol). For the first-strand cDNA synthesis, 2 mg RNA of each sample, MMLV reverse transcriptase and random hexamer primers were used. The subsequent RT -PCR reaction used 2 ml of the cDNA product and specific NBS1 primers, covering the whole mRNA in overlapping fragments: exons 1 -6, exons 5-10 and exons 8 -16 (primer sequences are available on request). The resulting PCR-product(s) were cloned with the TOPO Cloning Kit, sequenced with M13 universal primers and run on the ABI PRIZM 3100 DNA analyzer.
Semi-quantitative fragment analysis
Semi-quantitative PCR-based fragment analysis with an FAMlabelled forward primer was carried out to determine the relative abundance of the wild-type and the aberrant transcript found in patient R.R and her parents. The primers used for this amplification were located in exons 5 and 10 of the NBS1 gene. After amplification, the fluorescence intensity was measured on the ABI PRIZM 3100 DNA analyzer.
Real-time PCR
To exactly quantify the amounts of the normal and alternatively spliced transcripts (D6D7) found in cells from the patient R.R. and her parents, specific TaqMan probes were employed: AGGACGGCAGGAAAG AAAACAAATCT (FAM labelled) located in exon 6, thus detecting the normal transcript, and TAGACCTATTCCTGAAGCAGAAATTG GATTGG (ROX labelled) located in exon 8, detecting the D6D7 transcript. Real-time PCR was performed with the ABI 7500 Real-Time PCR System. We designed primers between exons 5-6 and 7-6 to amplify the normal transcript, and between exons 5 -8 and 9-8 to amplify the D6D7 transcript (primer sequences are available on request). All samples were analysed in duplicate. A standard curve was plotted for each primer-probe set with Ct values obtained from the amplification of known quantities of the cloned wild-type and D6D7 fragments (10 10 -10 1 copy numbers/ml). The copy number of each sample was determined by plotting the Ct-value versus the log of the copy numbers included in each standard curve.
Immunoprecipitation
For the IP analysis, lysates were prepared using standard techniques from the LCLs and fibroblasts indicated. Lysates were incubated for 90 min at 48C with protein G-coated magnetic beads (Dynabeads) preloaded with equal quantities of polyclonal rabbit antibodies directed against MRE11 and nibrin (Novus Biologicals). After washing, the beads were boiled in gel loading buffer and released proteins were separated on a 4-12% polyacrylamide gel (NuPage) and transferred to a Hybond ECL nitrocellulose membrane. MRE11 was detected using the murine monoclonal antibody, 12D7 (GeneTex), and nibrin with the same polyclonal antibody used for precipitation.
Radiation-induced focus formation
To examine the subcellular localization of the MRE11 complex in cells carrying the NBS1 742insGG mutation, primary fibroblasts were irradiated at 378C and 8 h later were fixed for 10 min in 4% paraformaldehyde, permeabilized for 5 min at 48C in 0.5% Triton X-100 and blocked by incubation overnight at 48C in 2% BSA in phosphate-buffered saline. Slides were then incubated with a primary rabbit antibody directed towards MRE11 (Novus Biologicals) followed by detection with a secondary Cy2-conjugated goat anti rabbit-Ig antibody (Dianova). Cell nuclei were counterstained with 4 0 ,6-diamidino-2-2-phenylindole. Digital microscopy was performed with the Zeiss Axiophot microscope equipped with a CCD camera (SensiCam). Fluorescent signals were pseudocoloured by the AxioVision software.
RESCUE ESE program
We performed searches for putative ESEs in the NBS1 gene for the wild-type sequence and for the sequence containing the 742insGG mutation using the RESCUE-ESE program http://genes.mit.edu/burgelab/rescue-ese.
Induced chromosomal aberrations
Radiosensitivity was evaluated in LCLs from a normal individual, cells established from the R.R. and from a classical NBS patient homozygous for the 657D5 mutation. Exponentially growing cells were exposed to 15-30 cGy X-rays (Gilardoni apparatus, 70 cGy/min, 250 kV, 6 mA, 0.2 mm Cu filter) and harvested 3 h later, after addition of 5 Â 10 26 M colchicine. Routine air-dried preparations and Giemsa staining were carried out; chromosomal aberrations were scored in 100 metaphases in three separate experiments. Chromatid and chromosome gaps were not included in the total rate.
Plasmids and retroviral gene transfer
The retroviral vector pLXIN-NBS1 has been described previously (55) and was kindly provided by Dr Pat Concannon. To construct vectors containing NBS1 cDNA with a GG insertion at position 742/743 and NBS1 cDNA with the sequence from exons 6 and 7 deleted, primers Ex2.F (TGACTGGCGTT Three rounds of transduction were performed in the presence of 7.5 mg/ml protamine (Roche). Two days after the final transduction, G418 was added to the cultures to 400 mg/ml. Stable transductants were isolated 10 days later, expanded and checked for expression of the human nibrin mRNAs by RT -PCR.
Complementation analysis: quantification of Nbn null mutant cells by semi-quantitative real-time PCR analysis of Nbn alleles
This assay has been basically described previously (20) , although now a new, real-time PCR has been developed for quantification. Briefly, transductant murine Nbn ins6/lox6 fibroblasts carrying mutated human NBS1 cDNAs, were treated with 6 mM cre recombinase fusion protein for 5 h in vitro. Thereafter, cells were collected at regular intervals by trypsination and total cells counted. The proportion of homozygous null mutant cells was measured by a real-time PCR on DNA extracted from the cells. Primers Ex6.F (CCCATTGATGAA CCAGCTA) and Ex6.R (TAGAATTACCTGCTTGGCAT) and Ex7.F (CGCTTTTTAAAGTGCTTCCT) and Ex7.R (GAAAAGAAGCTCTGTTCCTC) were used to amplify 116 bp of exon 6 and 119 bp of exon 7, respectively. After cre recombinase-mediated deletion, exon 6 is lost from the loxPflanked Nbn allele, the relative amount of exon 6 PCR products reflects, therefore, directly the proportion of Nbn 
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